State of the art in production data analysis can provide reasonable reservoir characteristics but it has two major shortcomings: For reservoir characterization, the process requires bottomhole or well-head pressure data in addition to rate data. Bottom-hole or well-head pressure data are not usually available in most of the mature fields.
A technique that would allow the integration of results from hundreds of individual wells into a cohesive field-wide or reservoir-wide analysis for business decision making is not part of today's production data analysis toolkit.
In order to overcome these shortcomings a new methodology is introduced in this paper that has three unique specifications:
1. It does not require pressure data (bottom-hole or wellhead);
2. It integrates decline curve analysis, type curve matching, and numerical reservoir simulation (history matching) in order to iteratively converge to a near unique set of reservoir characteristics for each well;
INTRODUCTION
Techniques for production data analysis (PDA) have improved significantly over the past several years. These techniques are used to provide information on reservoir permeability, fracture length, fracture conductivity, well drainage area, original-gasin-place (OGIP), estimated ultimate recovery (EUR), and skin. Although there are many available methods identified in order to characterize the reservoir, there is no one clear method that always yields the most reliable answer.
Decline Curve Analysis (DCA) is a method to fit observed production rates of individual wells, group of wells, or reservoirs by a mathematical function in order to predict the performance of the future production by extrapolating the fitted decline function. Arps 1 introduced the decline curve analysis method in 1940s using mathematical equations. The method is a mathematical equation with no physical basis other than the equation shows a declining trend. The function introduced by Arps is characterized by three parameters; initial flow rate ( i q ), initial decline rate ( i D ), and decline exponent ( b ). When b=0, the decline is exponential. When b=1, the decline is harmonic. When 0<b<1, the decline is said to be hyperbolic. Arps' method is still being used because of its simplicity and since it is an empirical method, it does not need any reservoir or well parameters.
In early 1980s, Fetkvoich 2 introduced decline curve analysis by type curves. Type curve matching is essentially a graphical technique for visual matching of production data using preplotted curves on a log-log paper. Fetkovich used Arps decline curves along with type curves for transient radial symmetric flow of low-compressibility liquids at constant bottom-hole pressures.
Fetkovich related Arps decline parameters to some reservoir engineering parameters for production against constant bottom-hole pressures. Fetkovich recommended harmonic decline curves to be used for gas wells.
In 1985, Carter 3 presented gas production rate results in type curve form for finite radial and linear flow system producing at a constant bottom-hole pressure. Carter used a variable λ identifying the magnitude of the pressure drawdown in gas wells. A curve with a λ value of 1 corresponds to b=0 in Fetkovich liquid decline curves and represents a liquid system curve with an exponential decline. Curves with λ=0.5 and 0.75 are for gas wells with an increasing magnitude of pressure drawdown.
In 1987, Fraim & Wattenbarger 4 introduced a normalized time function that linearizes the rate decline against normalized time for gas reservoirs producing at constant bottom-hole pressures during boundary-dominated flow. The calculation of the normalized times involves an iterative process.
In 1993, Palacio & Blasingame 5 addressed the issue of variable, non-constant bottom-hole pressures in gas wells. They introduced new methods, which use a modified time function for analyzing the performance of gas wells. They have also presented a new algorithm along with the modified time function to compute gas in place, which are capable of modeling the behavior of production data for variable rate and/or variable pressure drop conditions. Like normalized time, the calculation of pseudo-equivalent time is an iterative process.
In 1999, Agarwal et al. 6 introduced new type curves, which represent an advancement over the Palacio & Blasingame type curves because a clearer distinction can be made between transient-and boundary-dominated flow periods.
Although decline curve analysis and type curve matching of gas well decline curves are still used widely, but they all require bottom-hole pressure data. Subjectivity of each either of these methods along with the need for pressure data calls for a new method, which does not require pressure data and eliminates the subjectivity of the analysis.
METHODOLOGY
The new technique discussed in this article, Intelligent Production Data Analysis -IPDA, begins with the strength of the three techniques, namely, decline curve analysis, type curve matching, and numerical reservoir simulation. IPDA has two major components. The first, combines the three techniques (decline curve analysis, type curve matching, and numerical reservoir simulation). These three techniques are integrated through an iterative process that eventually converges to provide a set of reservoir characteristics for each well. Figure 1 shows a schematic diagram for the process.
The second component of IPDA takes the reservoir characteristics and the location of each well, identified by latitude and longitude, and deduces patterns that will help managers and engineers make decisions. This second component uses a unique Fuzzy Pattern Recognition technology.
The process begins by plotting production rate and cumulative production versus time on a semi-log scale. An automatic optimization routine based on genetic algorithms identifies the best decline curve for the given well, as both the rate versus time and the cumulative production versus time are simultaneously matched. This is demonstrated in Figure 2 for a well in the Wattenberg field producing from Codell and Niobrara formations in the D.J. Basin of Rockies.
Initial production rate "Qi", initial decline rate "Di," and hyperbolic exponent "b" are automatically identified on the bottom of the figure. Additionally, the 30-year Estimated Ultimate Recovery (EUR) is calculated and shown. Figure 3 shows how the EUR is calculated based on cumulative of actual production data plus remaining cumulative production that is predicted by decline curve. The information that results from the decline curve analysis is then passed to a type curve matching procedure. The appropriate type curves for the reservoir and fluid that is being investigated are selected. For the purposes of this article, the type curves developed by Cox 7 were used, since gas production from tight gas sands were being investigated. Figure 4 shows production data from the well pictured in Figure 2 . The actual production, plotted on a log-log scale on top of a series of type curves developed for the same value of hyperbolic exponent that was found during the decline curve analysis. Figure 4a illustrates similar production data plotted on a set of type curves for a different hyperbolic exponent. The production data plotted in Figures 4a (top) and 4b (bottom) shows that the data can be matched with any of the curves. This demonstrates the subjectivity of type curve matching.
If the results of the decline curve analysis are satisfactory (note that the match achieved in the decline curve analysis is subject to iterative modification and can be improved; the initial match is only a starting point) there is no reason to not take advantage of the results of the decline curve analysis to increase the likelihood of success and eliminate the subjectivity of the type curve matching.
In Figure 5 we have taken full advantage of the results of decline curve analysis. This has been accomplished by A) plotting the production data resulting from decline curve analysis rather than the actual production data. This model is better than the actual production data and helps us with a less subjective match. B) By using the 30-year EUR calculated from the decline curve analysis for this well, i.e., 285.75 MMSCF, as a guide, we moved the modeled data up and down to match it on different Xe/Xf curves until we achieved a calculated 30-year EUR from the type curve matching comparable to that of decline curve analysis. For this particular well, as shown in Figure 5 , the EUR is 286.5 MMSCF.
When match is done, the type curve matching procedure provides permeability, fracture half length, and drainage area. These parameters, as well as the EUR, are continuously updated as one moves the production data on the type curves for the best match as shown in the blue circle on the top left corner of Figure 5 .
If during type curve matching, within the iterative process, a good match cannot be achieved (a good match is defined as a match that not only appears reasonable during visual inspection but also provides logical values for the parameters while the EUR is relatively close to that of the decline curve analysis), we must return to the decline curve analysis and modify the match there to achieve a different "b" and EUR and repeat the type curve matching. If this results in a closer match that satisfies both methods, then the modification of the decline curve analysis was successful. If the practice moved us farther from a good match, then the decline curve analysis must be repeated in the opposite direction. Experience with this procedure has shown that most frequently a single iteration provides acceptable results. Knowledge about a set of parameters for the reservoir (field) being studied is necessary to complete the type curve matching process. These parameters are used to calculate permeability, fracture half length, drainage area, and EUR. These parameters include Initial reservoir pressure; Average reservoir temperature; Gas specific gravity; Isotropicity (k x /k y ratio); Drainage shape factor (L/W ratio); Average porosity; Average pay thickness; Average gas saturation; and Average flowing bottom-hole pressure.
Most of these parameters can be (and usually are) estimated within an acceptable range for a particular field. Intelligent Production Data Analysis -IPDA -determines better matches and results with higher levels of confidence if there are wireline logs available from the wells being analyzed. By having access to logs, porosity, thickness, and saturation for each well can be calculated and used individually during the analysis.
The third and final step of the first component of IPDA is numerical reservoir simulation. The reservoir simulation step itself is divided into two parts. The first is history matching, and the second is Monte Carlo simulation. During history matching, all of the accumulated information from the decline curve analysis and type curve matching is used to initialize a single-well, radial numerical simulator. To achieve an acceptable match, the accumulated information from the decline curve analysis and type curve matching will be modified. If the modifications to any of these parameters prove to be significant, then the user must return to the prior techniques, modifying them in the direction that shows the most reduction in the magnitude of the modifications in the history matching process. If the modifications prove to be insignificant, then we can move to the next step.
After a history match has been achieved, any crucial parameters that are part of the simulation process are given a probability distribution function (pdf), and the objective function (which is the history matched model) is run 500 to 1000 times. Number of iterations identifies the number of times you like each of the probability distribution functions to be sampled and the simulator to be executed. This is shown in Figure 6 .
Each time a run is completed, the 30-year EUR is calculated, and at the end, they are plotted to form a 30-year EUR pdf.
The 30-year EUR is calculated from decline curve analysis, and type curve matching is marked on the 30-year EUR pdf plot. As long as the 30-year EUR calculated from the decline curve analysis and type curve matching is within the high frequency area of the plot, then the results of the analysis are acceptable. Figure 8 shows the result of a Monte Carlo simulation for the well whose history match is shown in Figure 7 .
Once the individual analysis for all the wells in the field is completed, the following information for all the wells in the field is available: Initial Flow Rate, Qi, Initial Decline Rate, Di, Hyperbolic exponent, b, Permeability, k, Drainage Area, Figure 6 . Assigning a probability density function to a feature. A, Fracture Half Length, Xf, and 30 Year Estimated Ultimate Recovery, EUR.
The second part of the analysis (Fuzzy Pattern Recognition) is intended to integrate the above information in the context of the entire field to illustrate the field's present status and to predict the field status at any time in the future. Based on the predictions of changes that the field (reservoir) may undergo in the future, this part of the analysis permits engineers and managers to make business and engineering decisions that will maximize return on investments.
Production Indicators (PI) are calculated for each well based on rate versus time data. These PIs offer a measure of each well's production capability, which can be used for comparison with the offset wells. The PIs that automatically are calculated for each well at the start of this procedure are Best 3, 6, 9, and 12 months of production, First 3, 6, 9, and 12 months of production, Three year cumulative production, Five year cumulative production, Ten year cumulative production, and Current cumulative production.
Decline curve analysis results are used to calculate remaining reserves for each well. Remaining reserves are calculated based on 30-year EUR (which may be modified by the user) from which the cumulative production has been subtracted. IPDA deduces and generates two-and three-dimensional patterns and maps over the entire field (using Fuzzy Pattern Recognition technology) from Production Indicators and the data that was calculated during the first step. The program also creates a set of relative reservoir quality indices based on the production indicators that allow partitioning of the field into different reservoir qualities to identify "sweet spots" in the field. The maps generated during this process can be used to guide engineers, geologists, and managers in determining optimal infill locations in the field and also in identifying under-performing wells that might be targeted for remedial operations such as restimulation and workovers. 
RESULTS & DISCUSSIONS
The methodology described in this paper was applied to production data from 137 wells in the Wattenberg field producing from Codell and Niobrara formations in the D.J. Basin of Rockies. Monthly production rate data was the only data used to perform these analysis. The first step in the process is integrating decline curve analysis, type curve matching, and numerical reservoir simulation (history matching) in order to converge to a near unique set of reservoir characteristics for each well. Figure 9 (includes 4 panels in a column) shows the results of all three analyses for one of the wells in the field. The graph in the first panel is decline curve analysis, the graph in the second panel is the type curve match, the graph on the third panel is the result of numerical simulation history matching, and the graph in the fourth panel is the result of Monte Carlo simulation.
Figures 10 and 11 show two-dimensional maps of wells in the Wattenberg field. This map includes 137 wells. In Figure 10 , the field has been partitioned based on the Best 3 Months of Production, and Figure 11 shows the field when partitioned based on the Best 12 Months of Production.
The relative reservoir quality index is shown for each region with a number from 1 to 5 in both of these figures. A lower relative reservoir quality index number means higher reservoir quality. For example, Figure 10 shows an average well in RRQI=1 produces about 76 MMSCF, while an average well in RRQI=5 produce about 15 MMSCF during the Best 3 months of production. The Best 3 Months of Production for an average well in RRQI of 2, 3, and 4 in this field are 47, 36, and 25 MMSCF, respectively.
Comparing Figures 10 and 11 shows that as time passes, the size of the partitions change. Although all the partitions are relative (as the name suggests), more productive partitions decrease in size as some wells change from higher productivity partitions to lower productivity partitions. For example, the six wells in the top of partition 3 during the Best 3 Months of production ( Figure 10 ) move to a less productive partition (RRQI=4) during the partitioning of Best 12 Months of production ( Figure 11 ). The four wells in the left side of partition 2 behave similarly ( Figure 10 ). These wells move to partitions with RRQI of 3 in Figure 11 .
Movement of these wells from one partition to another may indicate relative reservoir depletion. Figure 12 shows the partitioning of the reservoir based on the last month's production of each well. Comparing the fuzzy pattern recognition curves along with the latitude and the longitude, one may note significant changes between Figures 10 and 11 when compared to that of Figure 12 . It is also obvious in the partitioning that the sweet spot (partition with RRQI=1) has moved to the southern side of the field.
It is also notable that the most productive part of the field has an average production that is more than 6 times that of the least productive parts of the field. Figure 12 shows that an average well in the most productive section of the field produces about 8.6 MMSCF/M, while an average well in the least productive areas of the field would produce about 1.4 MMSCF/M. A simple averaging of production rates does not provide such information.
One of the parameters calculated during this process was the drainage area, and Figure 13 shows Fuzzy Pattern Recognition applied to the drainage area. Better wells located in the southern part of the field drain as much as 18 acres while least productive wells, mainly in the north-eastern part of the field, have an average drainage area of about 4 acres.
In Figure 14 , the three-dimensional view shows the drainage area, fracture half length, and permeability patterns in the Wattenberg field producing from Codell and Niobrara formations in the D.J. basin of Rockies due to production from the 137 wells over the past several years. Please note that there are far more wells producing in this filed that have been analyzed in this article. The purpose here was simply to demonstrate the application of this technique to wells in the D.J. basin.
Patterns show the locations that have higher permeability values and that appear to lay along the midsection of the field, especially in the center. The drainage area shows larger values toward the southern part of the field, especially on the western side. The fracture half length shows larger values in the midsection of the field, especially in the center.
Managers, geologists, and engineers are able to develop strategies for further developing this field with the use of such views of the formation. Using the concept demonstrated in Figure 9 , the remaining reserve in this field is mapped and is shown in Figure 15 . The remaining reserve is plotted as a function of time, assuming no new wells are drilled. Figure 15 illustrates projected depletion in the reservoir from 2010 to 2025, showing portions of the field that would have remaining reserves that could be developed. The infill wells need to be strategically placed where they would contribute to an efficient depletion of the reservoir.
CONCLUSIONS
An integrated technique for field-wide production data analysis has been introduced in this paper. Intelligent Production Data Analysis -IPDA -uses an automated, innovative, and iterative technique that integrates Decline Curve Analysis, Type Curve Matching, and numerical reservoir simulation (history matching), merging the data into a set of reservoir characteristics that is compatible with all three techniques.
When all the reservoir characteristics are identified using this process, a unique Fuzzy Pattern Recognition technology is used for all the wells in the field, and the results are mapped on the entire field to evaluate reserve estimates, determine optimum infill drilling locations, follow fluid flow and depletion, verify remaining reserves, and detect underperforming wells. 
